Dear Editor, New health technologies are often portrayed in the media as being low-cost innovations that will save health care costs. In the case of genomic sequencing -high-speed analysis of multiple genes in parallel fashion -there has been a great deal of media attention about the falling cost of sequencing, referred to as the "$1000 Genome" -with the implication that the full cost of testing is actually $1000. Genomic sequencing (herein called "sequencing") -is entering clinical care even though there are ongoing challenges of accuracy and reporting [1, 2] . We examine how the full benefits and costs of sequencing will vary widely depending on how the technology is used -emphasizing that the net cost of sequencing will never simply be the cost of testing itself, even though sequencing may provide benefits in many scenarios. As providers and decision makers consider when sequencing might be useful clinically, we suggest a framework for evaluating sequencing's full benefits and costs so that the focus on the "$1000 price tag" for the sequencing technology per se does not obscure the complex decisions to be made about its effective and efficient use [3] . We also provide simulations of the possible economic impact of sequencing using a case study. (Note: We use the term "sequencing" throughout as a simplifying term but discuss how the term has various definitions depending on the context and use.)
In this brief report we focus only on the balance of economic factors within a clinical context -with an objective assessment of both benefits and costs -although many other issues will need to be considered before sequencing can be widely adopted and we do not examine issues such as test interpretation costs and issues with test concordance. However, regardless of whether one believes that sequencing should or should not be more widely applied at this time, it is important to begin to assess the true economic costs and benefits and to develop methods that can be used to evaluate sequencing as more evidence becomes available.
We specifically consider three issues and their impact on the full, "real world" benefits and costs of sequencing:
(1) The implications of "incidental findings" that are unrelated to the reason for ordering testing, (2) Impacts on relatives, and (3) Testing and therapies that occur after testing. First, incidental findings may provide clinically useful information, but many findings will be of uncertain significance and not clinically useful [4] and they may lead to unwarranted testing or treatments that increase costs without improving outcomes. The impact of incidental findings will depend on which findings are returned to patients and their providers -a debate for which there is no consensus [5] . Second, identifying germline mutations in individuals has profound implications for potentially-affected relatives. Third, for both patients and families, the benefits and costs of sequencing will depend on the "downstream" effects -the additional testing and therapies after sequencing. It has been stated that the "cost of sequencing is expected to be recovered over a lifetime through the avoidance of unnecessary diagnostics and therapeutics" [6] -but, conversely, downstream effects and resulting costs could overwhelm the immediate direct costs of sequencing itself [7] .
Lastly, of relevance to all three issues is that sequencing is likely to produce a large number of false positive results -either because the test is inaccurate or the results are a false indication of a condition. Although all medical tests have the potential for misinterpretation, this issue is particularly acute for sequencing given that the technologies are rapidly evolving and the ability to interpret sequencing results is at an early stage.
To illustrate how sequencing benefits and costs will vary depending on its use, we describe three scenarios capturing a range of potential applications of sequencing that provide a framework for such considerations. These scenarios are illustrative and thus by definition are simplifications, but they provide a means by which to consider the range of benefits and costs of sequencing.
Scenario 1: Sequencing of tumors for planning cancer treatment
The most rapidly advancing use of sequencing is tumor sequencing to plan cancer treatment [8] . In this scenario, the purpose of sequencing is to detect specific variants to tailor treatments, and thus the benefits and costs of sequencing will be driven largely by the cost of testing itself and the impact of those specific findings. However, incidental findings that impact benefits and costs may still occur, since cancer patients may also have germline sequencing in order to characterize the cancer and therefore both patients and families may be impacted by these findings.
Treatment for colorectal and lung cancers illustrates the use of tumor sequencing. Many patients with these tumors are tested for several mutations using single gene tests (e.g., EGFR, KRAS, BRAF, ALK).
However, since the cost of each test is $200-$1400, the use of tumor sequencing may provide additional information that can better characterize the cancer for treatment options at possibly lower cost.
In sum, it is possible that tumor sequencing could provide more clinically useful information at the same (or lower) cost than multiple single gene tests. However, the net impact of replacing single gene tests with tumor sequencing will depend not only on testing costs, but also on the impact of incidental findings and on downstream treatments, which may include off-label use of therapies based upon unvalidated incidental findings.
Scenario 2: Sequencing for individuals with risk factors
Another rapidly advancing use of sequencing is in individuals at risk for inherited conditions, where single gene tests have traditionally been performed [9] . It's been predicted that whole genome sequencing will replace single gene tests or even gene panels as the price of sequencing drops [10] . As with Scenario 1, while the primary purpose of sequencing in this scenario is to detect variants in specific genes, incidental findings in other genes can be expected. However, when performing screening for hereditary risk instead of tumor profiling, there may be more to gain -but also more costs and secondary risk to accrue -from identifying incidental findings.
Sequencing of inherited variants for breast and ovarian cancer -BRCA1/2 -illustrates the use of sequencing to replace single gene tests. BRCA testing has typically cost $3000-$4000. However, it can cost less to detect BRCA using gene panels or even whole genome sequencing -and such testing also provides more information than only BRCA status [11] .
In sum, replacing single gene tests with sequencing is likely to yield both vastly more information but the downstream consequences of this information -both positive and negative -will determine the full benefits and costs of sequencing. The downstream impact of incidental findings is expected to be substantially more important when testing persons for future risk than for tumor sequencing (as described in Scenario 1).
Scenario 3: Sequencing for general population screening
Some have proposed that sequencing be used in populations without any known risk factors [4, 12] . In the absence of any disease-specific pre-test focus of interest, the results will be comprised entirely of "incidental" findings. Although the immediate downstream costs were not excessive in a recent exploratory study of whole genome sequencing [1] , there was little agreement among physicians about which findings should be acted on, long-term downstream costs were not included, and it was noted that sequencing could produce a "cascade of interventions of unclear costs" [13] .
Sequencing with the aim of identifying future health risks, such as Lynch syndrome, in a population without known risk factors provides an example of how sequencing in healthy populations needs to consider downstream consequences. Most individuals with Lynch syndrome are unaware that they are carriers and thus there is an unmet need, but Lynch syndrome screening in the general population is currently associated with unacceptably high costs [14] . However, if affordable whole exome/genome sequencing were deployed widely, more individuals could benefit from learning that they have Lynch syndrome. Detecting Lynch syndrome and pursuing "cascade testing" in relatives results in improved clinical outcomes, but given the substantial costs incurred by screening and preventive interventions, this results in net costs, not net savings [15] . Thus, the balance of benefits/costs of general population sequencing to detect Lynch syndrome have to be weighed against more targeted approaches.
In sum, the net impact of sequencing as a general population screening test extends far beyond the cost of testing itself. The ultimate balance of benefits and costs will be determined in large part by the number and handling of findings and their downstream consequences. Thus, the benefit/costs of general population sequencing will have to be compared against those for more targeted use of sequencing technologies, such as using panels of genes known to have clinical utility. In general, screening of general populations has been shown to be less cost-effective than targeted screening.
Simulations of the impact of incidental findings on cost-effectiveness of Lynch syndrome screening
Estimating the clinical and economic impact and cost-effectiveness of sequencing is unusually complex given the many factors and unknowns involved and conducting a detailed analysis is beyond the scope of this article. However, to illustrate how incidental findings could have a large impact on the cost-effectiveness of screening, we conducted a series of simulations building from our previously published cost-effectiveness model of Lynch syndrome screening [15] . Although Lynch syndrome is just an illustrative example, by using a previously validated model we were able to ground our simulations in actual results. Figures 1 and 2 show how the cost per QALY gained will vary depending on the number of incremental findings returned to each person tested (note that we use the term "incremental" to reflect that we did not separate findings into actionable or non-actionable findings given that this will vary depending on the population sequenced and the thresholds used for return of results). Overall, the results show that the cost per QALY gained for Lynch syndrome screening will vary dramatically based on whether incremental findings provide net benefits/savings or net harms/costs. If incremental findings are of unproven benefit and costly, the cost per QALY gained increases well beyond standard thresholds of acceptable costeffectiveness -conversely, if such findings are clinically beneficial and cost-saving, screening becomes cost-saving. Figure 2 shows that screening for Lynch syndrome in the general population, which is prohibitively expensive with current methods, remains prohibitively expensive unless there are clinically useful incremental findings that are only moderately costly. Further analyses of the cost per person tested (not shown) also reflect that incremental findings could have a variable impact -from highly costly to costsaving. In addition, the total cost per person tested -and thus the budget impact in a population -could be substantial or there could instead be cost-savings as the number of findings per person increases, depending on the average long-term cost per finding. Although the expected number and type of incremental findings is not known with any certainty, it has been estimated that currently only a very small percentage of generally healthy individuals sequenced will receive clinically actionable incidental findings such as Lynch syndrome [1] .
In conclusion, the true cost of sequencing extends beyond the test itself and thus the headline of the "$1000 Genome" is not an accurate portrayal of its cost. The full benefits and costs of sequencing will vary widely depending on how it is used, and decision makers should consider incidental findings, impacts on relatives, and time horizons that include downstream tests and therapies. At this time there is not enough evidence to indicate whether sequencing provides more benefits than costs. For the balance between the benefits/costs of sequencing to be favorable, several conditions will need to be present, e.g., when the incremental information provided beyond that of single gene tests is actionable, sequencing is less costly than the tests it is replacing, the results lead to treatment decisions that result in improved outcomes and/or reduced costs, relatives found to have genetic mutations follow proven preventive interventions, and incidental or uncertain findings do not lead to unproven interventions that may yield no benefit and may even cause harm.
Given that methods for assessing and comparing the net costs, benefits, and cost-effectiveness of sequencing strategies have yet to be developed and to our knowledge there have not been any published economic analyses of sequencing, this report should be considered only a first step in creating a framework for such analyses. Although the full economic impact of sequencing cannot be defined until more is known about its clinical benefits, it is important to develop methods and initial estimates of the balance of benefits/costs now in order to guide sequencing adoption [16] [17] [18] . Emerging evidence on the impact of sequencing and its benefits and costs should continue to guide the applications of this technology, and systematic, rigorous economic analyses -such as cost-effectiveness analyses and budget impact analyses -will be needed.
